Alloy 706 as many other superalloys is melted by Vacuum Induction Melting plus Electra-Slag Remelting (ESR) or Vacuum Arc Remelting (VAR) or both. The remelting process (ESR or VAR) can introduce segregation type of defects in the material. These defects could be freckles or white spots. Such defects have been observed in many other superalloys. These defects can have significant effects on the mechanical properties of the alloy under specific conditions. This paper summarizes results of studies made on the effects of such defects on the mechanical properties.
Introduction
Alloy 706 applications for the large land based gas turbines require very large ingot sizes. The diameter of the ingots can be as high as 40 inches and the ship weight can be as high as 30,000 lbs. The manufacturing process for the ingots usually includes vacuum induction melting followed by electroslag re-melting or vacuum arc re-melting or both. The melting and re-melting processes can introduce segregation type of defects that can have a significant effect on the life of the parts made from such ingots. The segregation related defects observed in Alloy 706 ingots include freckles and white spots. Such defects have also been observed in other nickel base alloys such as Alloy 7 18, Waspalloy.
Freckles are solute rich areas in an ingot. Flemings and co-workers'-2 have shown that they are formed due to flow of solute rich inter-dendritic fluid in the mushy zone. The flow of this solute rich fluid occurs due to density differences within the fluid and also due to electromagnetic forces. Freckles contain a much higher concentration of niobium and also have been observed to contain Laves phase and delta phase in Alloy 718. Freckles cannot be removed by any practical thermomechanical process.
White spots in nickel base superalloys are solute lean regions. On an etched surface they appear lighter than the base material and hence the name white spot. There has been a lot of work done in recent years in the characterization and classification of white spots found in Alloy 7 18. The white spots may in some cases contain oxides, nitrides and other inclusions. Such white spots are classified as "dirty" white spots. White spots that do not contain such inclusions are classified as "clean" white spots.
Clean white spots can be further classified3 as:
1. Discrete white spots 2. Diffuse white spots 3. Solidification white spots Discrete white spots are characterized by a distinct boundary between the matrix and the white spot. Diffuse white spots are characterized by an indistinct boundary between the matrix and the white spot. The diffuse white spots also are observed to have a dendritic appearance with light and dark areas. Solidification white spots are also characterized by a diffuse or indistinct boundary. They have been often observed to have a linear, hooked or ring shape. The solidification white spots are typically found from mid-radius to surface of the ingots while discrete white spots and diffuse white spots are found usually from mid-radius to center. This paper summarizes the characteristics and the effect on mechanical properties of these defects in Alloy 706.
Material
Alloy 706 used for land based large gas turbine applications typically has the following composition. The melting processes used for the materials in this study include vacuum induction melting followed by electroslag remelting or vacuum arc remelting or both. The ingots were converted to billet by an upset and draw technique. Finish forging was done on hydraulic press through anumber of steps. Heat treatment included a solution treatment and quench step followed by a double age.
It was difficult to get specimens with solidification white spots from forgings. Therefore small heats (approximately 50 pounds each) were prepared with compositions to match the composition of solidification white spots observed in large ingots. The trial heats were vacuum induction melted. These ingots were rolled into bars and then heat treated in exactly the same way as the larger forgings.
Mechanical testing of specimens were made as per ASTM standards. Standard metallographic techniques were used to observe and analyze the samples.
Results A Freckles Figure 1 is a photograph of a large diameter VIM+ESR billet with several freckles. It can be seen that the freckles do not favor any specific radial location of the ingot. Some of these freckles are associated with cracks. Figure 2 is micrograph of a specimen with a freckle after finish forging and heat treatment. The freckle is in the fine grained region. The presence of numerous particles in the freckle region pin the grain boundaries to a very fine grain size. Figure 3 is a micrograph of a freckle at a higher magnification. The large particles were typically nitrides and carbonitrides of niobium and titanium. The smaller and rounder particles were typically Laves phase (hexagonal (Fe,Ni,Cr),(Nb,Ti)). The particles in the form of plates were the eta phase (Fe,Ni,Cr),(Ti,Nb). Figure 4 shows SEM photos of the extracted particles from the freckles.
A. carbo-nitrides of niobium and titanium B. Laves phase C) Eta phase In a finish forged and heat treated forging freckles usually lie along the an axis perpendicular the forging axis. In some case cracks were also observed at some freckles. The orientation of the freckles has a significant effect on the properties. Room temperature and 750°F tensile tests conducted in the longitudinal (L-R) orientation (freckles perpendicular to the loading axis) showed a dramatic drop in ductility (Table I ). The reduction-in-area dropped as low as 2.4 percent for both room temperature and 750'F tests. A drop in ultimate tensile strength of approximately IO-15 percent was also observed but the yield strength was practically unaffected. There was no significant effect in tensile properties for tests in the tangential (C-R) orientation (freckles parallel to the loading axis). . The fracture toughness (L-R orientation) of material with freckles exhibited approximately 50% drop in I& for tests when the crack was able to follow the plane of the crack. However when the cracks were not along the freckle there was no significant difference compared to good material. Specimens tested along the C-R direction did not show any drop in fracture toughness.
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The results of fatigue crack growth rate tests show that the crack growth rate increased when the crack grew along the freckle. This is demonstrated in Figure 5 . No effect on the growth rate was observed for the C-R orientation. In the L-R orientation the crack growth rate showed an increase when the crack grew along the freckle. One L-R specimen shows the effect on crack growth rate when the crack encounters a freckle. Examination of the fracture surface confirmed that the jump in crack growth rate occurred when the crack reached the freckle and further growth continued along the freckle. Both L-R specimens failed at a Kq of 42 ksi%. Discrete White Spots Figure 6 shows a dirty discrete white spot after finish forging and heat treatment. The location of this dirty white spot was near the center of the ingot. Numerous oxide nitride stingers were observed in this white spot. Because of the excessive etching and the higher magnification the boundary between the matrix and the white spot does not appear distinct. At lower magnifications and on a macro-etched surface this white spot had a clear and distinct boundary with the matrix. The grain size within the white spot region and the matrix are about the same. This is different from Alloy 718 where white spots have a coarser grain than the matrix size.
A clean discrete white spot is shown in Figure 7 . The grain size again does not show any difference between white spot and matrix material. The location of this white spot was also near the center of the forging.
Fatigue crack growth rate testing was done on compact tension type of specimens. The tests were done at room temperature at 10 Hz with R=O. 1. The specimen with the dirty white spot was tested with constant K while the specimen with the clean white spot was tested with increasing K. After testing the broken specimens were etched to confirm the location of the white spots. In both cases the crack propagated through the white spots. Companion specimens through parent material were machined and tested from the same forging for comparison. The fatigue crack growth rate through the white spot remained the same as the parent material. No change in crack growth rate was observed even when the crack was propagating through the area of high inclusions in the specimen with dirty white spot.
LCF Tests were done at 650°F under strain control with A-ratio=1 and 20 cpm triangular wave form. Tests were done at two strain ranges 0.5% and 0.7%. LCF testing was done only on specimens with clean white spots. The results of the LCF tests are given in Table II . The specimens with the white spots show a decrease in life at the 0.7% strain range. At 0.5% strain range there appears to be no significant difference in life between the specimens with the white spots and the parent material. 
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"Ni = Number of cycles to initiation A few specimens were tested with two extensometers at the higher strain range. This was done to detect if there was any partitioning of strain leading to higher strains across the white spots. The second extensometer was located just across the white spot. No significant difference could be detected between the two extensometers.
All the specimens with the white spots fractured at the white spot. This was verified by macroetching one half of each specimen. Initiation occuered within the white spot and did not occur at the white spot-parent material interface. There was also no significant difference in the fracture characteristics between the white spot and parent material specimen. The fracture surfaces were faceted showing a transgranular crystallographic fracture which is typical for Alloy 706. The initiation sites were at the surface for both cases. The initiation sites were not associated with any defects.
Solidification White Suots
Solidification white spots have only been observed between mid-radius and surface of the ingots. They have a linear, hooked or ring appearance. Figure 8 is a photograph of a typical solidification white spot observed in an ingot slice. The spots are relatively small in dimension compared to the discrete white spots. It was therefore impossible to make test specimens because of the small size of the spots. So it was decided to melt small heats and test them instead. Three experimental heats were made. The chemical composition of each heat is given in Table III . One heat represented typical white spot compositions measured in large ingots. The second heat had a composition leaner in hardener elements than the first and it represented a worst case situation for a solidification white spot. The third heat had the chemical composition of typical Alloy 706 ingots. The heats were approximately 50 pounds each and were vacuum induction melted. They were rolled into 5/8 inch diameter bars at 1950'F. The bars were then given the typical solution heat treatment plus age of a large forgings. The tensile properties of the three heats at three different temperatures are listed in Table IV . A decrease in yield strength and tensile strength is observed with decreased hardener content. This is associated with an increase in percentage elongation and percentage reduction-in-area. This trend is consistent at all three temperatures tested. LCF testing was done at 650'F and 900'F. The results are given in Table V and Table VI . At the 0.7% strain range at 650'F the LCF life indicates an increase in life with decreasing strength. However at 0.5% strain the trend is not consistent with strength. Similarly at 900'F the 0.7% strain tests show correlation with strength while the 0.5% does not show a consistent correlation. Freckles originate during the re-melting step (ESR or VAR). The freckles contain a high concentration of niobium which precipitates as Laves phase, carbo-nitrides or eta phase. The high stability and the low diffusion rate of niobium makes it virtually impossible to remove freckles by any kind of thermo-mechanical treatment. Therefore it is important to eliminate freckle formation at the remelting step.
Yu and co-workers5-6 have shown that the tendency for freckle formation is higher in ESR than in VAR. This is because of the differences in pool profile between the two melting processes. In general deeper V-shaped pools are observed in ESR while the VAR pool profile is in general shallower and U-shaped. Deeper pools have a prolonged mushy zone and severe temperature gradients which enhance inter-dendritic fluid flow. High power input levels in ESR or VAR make the situation worse because they make the pools deeper. The use of high power inputs (or melt rate) also introduce higher electromagnetic forces which could increase the chances for inter-dendritic fluid flow. The inter-dendritic flow could also be enhanced by localized hot spots due to uneven arcs caused by cracked electrodes. The use of a sound electrode is also therefore very important. The use of triple melting which involves vacuum induction melting followed by electroslag remelting followed by vacuum arc melting has been found to eliminate freckle formation. The use of a low power input in the VAR step helps in eliminating freckles. Hosami et al4 have shown that by increasing heat transfer at the ingot crucible interface through higher helium pressure cooling it is possible to make the pool achieve a more shallow profile. As discussed above this would also contribute toward eliminating freckles.
In a finish forged part the freckles usually lie along the forging flow lines. The effect on mechanical properties therefore varies significantly with orientation of testing. Therefore tests have to be done in the correct orientation to determine the effect on properties. Freckles have a very serious impact on the mechanical properties of Alloy 706. The presence of the deleterious phases affects ductility and fracture toughness and crack growth rates dramatically. In addition some freckles can develop cracks during the forge process leading to pre-existing flaws in the part.
Discrete White Snots
White spots originate in the vacuum arc melting step of the process. Several mechanisms have been proposed for the formation of discrete white spots5-6. They are :
1. Detachment of pieces from the solidifying edge of the ingot pool. 2. Fall-in from the crown of spatter around the electrode top.
3. Fall-in of dendrite arms or broken sections from a cast electrode.
The first two case could create discrete white spots which are dirty because of pickup of material from the crucible wall. In all cases the solid metal which falls into the pool rapidly moves to the center of the ingot because of the shape of the pool and the higher density of the solid metal. Discrete white spots are therefore always observed in the center to mid-radius location of the ingot. The use of a sound remelted electrode ingot (i.e. triple melting) mostly eliminates the third case.
It would appear that a higher power input would minimize the discrete white spot problem because the fall-ins would completely melt in the pool. But as mentioned above deeper pools could increase the risk for freckles and therefore increasing melt rate is not a good way of controlling discrete white spots.
The presence of clean or dirty discrete white spots have not shown any effect on the fatigue crack growth rates. However the presence of inclusions in the dirty white spot can lead to crack initiation and therefore reduced LCFlife. In the case of clean white spots, it has been reported that clean white spots reduce LCF life in Alloy 718 even at low (0.5%) strain ranges7-*. Alloy 706 is depleted in niobium and titanium in a similar way as Alloy 7 18. Therefore we might expect the same behavior. However there is an important difference between Alloy 718 and Alloy 706. The Alloy 718 mentioned in these reports were all processed for fine grains (ASTM S-10). This process involves forging below the delta solvus to dynamically recrystallize the structure and use the delta precipitates to pin the grain boundaries. The depletion of niobium causes a local lowering of the delta solvus in the white spot region. At the forging temperature the white spot could be actually above the delta solvus for the local area. Thus there would be no delta precipitates to pin the grain boundaries within the white spot. The result is that the white spot regions have relatively coarse grains (ASTM 3-5) compared to the rest of the matrix7.
This situation does not occur in Alloy 706 because forging is done above the eta solvus where there arc no phases to pin the boundaries. Therefore there is no grain size difference between the white spot and the matrix. The grains are uniform ASTM 3-5. It is known that larger grain sizes decrease LCF life across all strainranges7. The decrease observed in LCFlife in Alloy 7 18 due to white spots could therefore be due to grain size difference between white spot and matrix. This grain size difference is not observed in Alloy 706 and therefore no difference is observed at the low strain ranges.
However it is not completely clear what is happening at the high strain range. The interface between the matrix and the white spot did not play a role in reduced LCF life because the fracture always occurred within the white spot. The discrete white spot region is expected to have a significantly lower yield strength and higher ductility because of the low hardener content. Therefore we should actually expect an increase in LCF life as in the case of the homogeneous material with the low hardener content (Table IV) . A possible explanation could be that in a specimen with a white spot the strain partitions in such a way that the white spot actually sees a higher strain range than recorded by the extensometer. This could not be confirmed by the double extensometer method. A finite element modeling of an LCF specimen with a white spot was made to determine if there could be significant variations in strain along the gage length..
The model used the tensile properties of the white spot as equal to the lean white spot from Table  IV . At maximum displacement (0.7% strain) the model shows strain partioning with peak strains at the center of the white spot exceeding 1.1% (Figure 9 ). This variation also appears across a short distance and it would be very difficult for an extensometer to accurately measure the strain. Actual discrete white spots could be more severely depleted in hardener elements than the lean white spot material used in the model. Therefore the strain partitioning could actually get worse in some cases.
Solidification White Spots
The formation mechanism of solidification white spots is not completely clear. Shved" has recently proposed a mechanism which involves diffusion of atoms across the liquid-solid boundary around splash beads. The splash beads are themselves the same composition as the melt. However when they fall into the melt pool the diffusion of hardener elements into the liquid leads to their depletion around the splash bead. This theory explains the ring shapes commonly found in solidification white spots. The hooked and linear shapes also found in solidification white spots could be sectional views of the same feature. Because of the pool profile the splash beads near the center are more likely to completely melt and dissolve in the pool. Therefore the sohdlflcation white spots are typically found from mid-radius to surface of the ingot and not near the center.
A solidification white spot is less depleted in hardener elements than a discrete white spotlo. Actual chemistry analysis of solidification white spots showed the results were fairly consistent and very close to the composition of the simulated solidification white spot listed in Table III . The depletion never reached the level of the "lean white spot" (Table III) . The homogeneous material with white spot chemistry showed an increase in LCF life at the high strain range relative to the base chemistry and no significant effect at the low strain range. If we were to however test specimens with actual solidification white spots in the gage length we should probably not see significant loss in LCF at the high strain range as in the case of discrete white spots. This is because solidification white spots are less depleted in hardener elements. Figure 9 -Finite element model of the gage length of an ICF specimen with white spot at maximum displacement for a strain range of 0.7%.
